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ABSTRACT

Bolinopsis infundibulum is a wide-ranging, ubiquitous ctenophore whose fragile nature
makes the collection of specimens and quantification of key predator-prey activities in controlled
laboratory experiments, challenging. Thus, in situ methods often represent the best means for
data collection. However, while present in surface waters, these animals can also be abundant at
depths well beyond those attainable by divers. As a result, very little empirical data exist over the
depth range of their natural habitats which limits our ability to assess key predator-prey
interactions needed to assess their ecological role in midwater food webs. Working in Monterey
Bay, California, remotely operated vehicles (ROVs) deployed by the Monterey Bay Aquarium
Research Institute (MBARI) were utilized to quantify feeding behaviors, swimming kinematics,
and gut contents using both live collections and in situ high-definition video footage. Combined
with ship-board digestion rate data, this study serves as the first collection of in situ quantitative
data for this species at midwater depths. The data were used to estimate thermal sensitivity, daily
carbon intake, and total carbon intake for the population. Bolinopsis infundibulum is able to
regulate its metabolic rate to reduce energetic carbon demands at depths where prey availability
is reduced. This information is used to discuss potential advantages to concentrating population
abundances in midwater ecosystems, the potential impact of predation on copepods, and nutrient
cycling in this important but understudied species.
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INTRODUCTION
Ctenophores (often called comb jellies), are predatory marine organisms that encompass
seven taxonomic orders: Lobata, Beroida, Cydippida, Thalassocalycida, Cestida, Ganeshida, and
Platyctenida (Matsumoto and Harbison, 1993; Podar et al., 2001). Each order portrays a wide
range of feeding behaviors that make it difficult to broadly contextualize how ctenophores utilize
food resources and take advantage of various ocean habitats (Matsumoto and Harbison, 1993).
Ctenophore species are voracious predators that can disrupt the balance of their ecosystems by
significantly reducing prey populations up to 5-fold (Tiselius and Moller, 2017). As an example of
why in situ observations are critical, one of the best-studied ctenophores, Pleurobrachia spp., was
originally drawn upside-down, which resulted in a misinterpretation of ctenophore feeding modes
and impaired scientific understanding of the true differences between ctenophores and jellyfish
(Haddock, 2004). Species in this phyla are diverse and can be found with or without key features
including lobes, tentacles, tentilla, and auricles, all of which can impact feeding behavior and
strategy (Haddock, 2004; Harbison et al., 1978; Zhao et al., 2019). Each of these features plays
a role in the ctenophores’ feeding strategy and thus influences their predator-prey relationships
(Haddock, 2007).
Unlike cnidarians, ctenophores do not have nematocysts to aid in capture. Instead, they
have developed mucus and colloblasts that stick to and trap prey (Haddock, 2007). They are
known for feeding on other gelatinous zooplankton, crustaceans, copepods, tunicates, fish eggs,
and larvae (Milisenda et al., 2014), but despite the ability to exist at high densities and consume
a wide range of prey organisms, their influence on marine ecosystems has rarely been quantified.
The majority of ctenophore studies have been conducted in shallow coastal waters and have
focused primarily on the well-studied lobate ctenophore, Mnemiopsis leidyi, which is robust and
1

invasive, and that often serves as a model ctenophore species for various research questions
(Colin et al., 2010; Colin et al., 2015; Costello et al., 1999; Haddock, 2007; Jaspers et al., 2018;
Kremer, 1979; Roohi et al., 2016; Sullivan, 2014). Mnemiopsis leidyi exerts strong trophic impacts
in their ecosystem, eating up to 10 times its body weight per day (or wet weight; Roohi et al.,
2016). Due to its voracious appetite, M. leidyi can radically reduce its primary prey organisms,
grazing copepods (Tiselius and Moller, 2017), removing the standing stock of available prey within
a week (Kideys et al., 2005). It is currently unclear how much these traits apply to other lobate
ctenophores that are widespread in coastal and midwater ecosystems. Thus, a more
comprehensive study looking at midwater lobate ctenophore species is needed to understand
midwater ecosystem dynamics and assess if other ctenophores have as large of an impact on
prey populations.
Misunderstood and Understudied
Oceanic ctenophores have received little attention because their delicate nature have
made them difficult to collect and study (Haddock, 2004; Matsumoto and Harbison, 1993).
Standard plankton sampling techniques, which use a coarse, nitex mesh net, routinely damages
or destroys these delicate organisms, leading to an underestimated level of diversity (Haddock,
2004; Matsumoto and Harbison, 1993). Vertically-hauled plankton nets or those towed slowly
behind research vessels have been used since the late 1880’s but have consistently undersampled or physically damaged gelatinous zooplankton (Raskoff et al., 2003). Even when intact
specimens have been recovered, preservation has been unsuccessful since ctenophores do not
preserve well in formalin (Costello and Coverdale, 1998; Martinussen and Bamstedt, 1999) and
are known to disintegrate quickly in acidic Lugol's solution (Engell-Sørensen et al., 2009).
Fortunately, the implementation of non-destructive imaging tools such as towed video-based
systems (i.e. In situ ichthyoplankton imaging system[ISIIS]), has revealed that far more gelatinous
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zooplankton inhabit the oceanic environment than net tow data had suggested (Cowen and
Guigand, 2008).
The available literature on ctenophore predator-prey relationships primarily focuses on
coastal, surface water species such as M. leidyi because they are more easily accessible by
divers and can be quickly brought to the laboratory (Bezio et al., 2018; Colin et al., 2010; Colin et
al., 2015; Costello et al., 1999; Madsen and Riisgård, 2010; Sullivan and Gifford, 2007; Waggett
and Costello, 1999; Waggett and Sullivan, 2006). The same cannot be accomplished for midwater
ctenophore species deeper than 200 m because these depths are inaccessible to divers and
much more difficult to reach. Thus, even basic ecological data, such as predatory-prey
interactions, have not been quantified for midwater species. Such quantitative data is necessary
to provide estimates of carbon and nitrogen cycling by gelatinous groups within midwater habitats
that encompass a majority of the planet, as well as contribute to our knowledge of the fundamental
ecology and behavior of these species.
Recent interdisciplinary efforts have made midwater ecosystems more accessible through
the development of advanced instrumentation and underwater vehicles. Research that utilizes
scientific SCUBA diving, underwater submersibles, remotely operated vehicles (ROVs), and
advanced underwater imaging technologies are revealing that the diversity and abundance of
midwater ctenophores exceed that of medusae and more robust surface water ctenophores
(Madin and Harbison, 1978a; Robison et al., 2017; Youngbluth, 1984). Scientists are not only
observing many species for the first time, but they are able to study and collect organisms that
have not been sampled previously (Haddock, 2004; Matsumoto and Harbison, 1993; Robison et
al., 2017; Youngbluth, 1984). New advances in imaging and experimental techniques facilitate
the observation of these fragile organisms in situ, which enhances our understanding of the
interactions these organisms have within their bathypelagic environments (Haddock, 2004). The
reduction in prey due to feeding of ctenophores has been associated with phytoplankton blooms
3

and trophic cascades in the Gullmar Fjord (Tiselius and Moller, 2017) and the Black sea (Oguz et
al., 2008). Thus, it is crucial to understand the community structure in these deep gelatinous
communities because it may lead to consequences within the entire ecosystem.
Midwater habitats are thermally stable in most regions around the planet, allowing many
midwater species to have expansive and global geographical ranges. Thus, even low-density
ctenophore populations may have important, large-scale implications. While remotely operated
vehicles (ROV) and submersibles have made it possible to increase the understanding of
midwater ctenophore abundance, and some feeding behaviors (Choy et al., 2017; Madin and
Harbison, 1978b; Toyokawa et al., 2003; Youngbluth et al., 1988), quantitative data on in situ gut
contents, predator-prey interactions, and swimming kinematics is lacking. Specifically, the role of
midwater ctenophores in the marine food web is not well understood, yet given their widespread
distributions and abundance (relative to other larger taxa), understanding this role is essential to
predicting how this wide-ranging ecosystem functions (Haddock et al., 2017).
Trophic Importance
Developing ‘whole-system’ models that include gelatinous organisms throughout the
water column will be necessary for understanding the future of global fisheries (Lamb et al., 2019).
While the literature has begun to investigate many shallow-water ctenophore species we still do
not have a strong grasp on the trophic ecology and behaviors of ctenophores at midwater depths.
This remains true despite the fact that several ctenophore species concentrate their abundances
between 1000 to 3500 meters and numerically dominate macroscopic midwater predator groups
(Choy et al., 2017; Robison et al., 2010). Recently, there has been increased interest in
understanding the ecological roles and trophic placement of ctenophores (Choy et al., 2017).
Historically considered to be a poor food source with a lack of nutritional benefit and a trophic
dead-end (Verity and Smetacek, 1996), gelatinous zooplankton are now known to be regularly
consumed by higher-order organisms including many species of fish as well as sea turtles (Arai,
4

2005; Milisenda et al., 2014; Purcell and Arai, 2001). However, because of the complexities of
midwater food webs, and the fact that many gelatinous predators express cannibalistic behavior,
the true number of trophic levels involved is difficult to quantify (Milisenda et al., 2014; Robison et
al., 2010).
The available literature contextualizing the influence that gelatinous zooplankton have
within the carbon cycle is limited but has shown that the amount of organic carbon released during
decomposition was an order of magnitude larger than when the organisms were alive (Hansson
and Norrman, 1995; Pitt et al., 2009). The most prominent studies that have estimated the transfer
of gelatinous zooplankton biomass throughout the water column, termed jelly-carbon, were limited
to the upper 200 m (Lucas et al., 2014). Thus, it is essential to begin to calculate the carbon
budgets for species that live at midwater depths particularly those with larger population
abundances to increase our understanding of the role these organisms play in nutrient cycling.
While midwater population abundances remain low relative to surface water populations, they can
still undergo boom and bust cycles. When abundances in surface waters grow rapidly,
ctenophores become a net sink for major nutrients including carbon, phosphorus, and nitrogen
(Pitt et al., 2009), but quantitative estimates for midwater populations are lacking.
While understanding how predators influence prey is critical, including how prey may
respond to predation is needed to accurately understand the trophic ecology of midwater
ctenophore species. Considering how prey avoidance will influence predator populations will help
build a more comprehensive understanding of these complex relationships (reviewed in Robison
et al., 2020). Copepods provide energy and nutrients to higher trophic levels and are important
prey for fish and ctenophore species (Gemmell et al., 2012). Copepod larval stages are
susceptible to higher predation rates since they are less capable of detecting predator threats and
cannot easily escape compared to their adult stages (Gemmell and Buskey, 2011; Sell et al.,
2001). Despite this, copepods remain globally abundant (Gemmell et al., 2013). For copepods at
5

depth, predator avoidance is often achieved through vertical migration on a diel cycle (Robison et
al., 2020). To assess ctenophore trophic roles, an extensive study of their predator-prey
relationships and their predatory impact on copepods is fundamental since copepods are an
integral foundation of the marine food web, and potential changes in their population abundance
can lead to repercussions on commercial fisheries. By increasing our overall understanding of
these predator-prey relationships we can gain a holistic view of midwater ecosystems (Choy et
al., 2017).
Bolinopsis infundibulum
The lobate ctenophore, Bolinopsis infundibulum, was found to be widespread, but most
abundant at 1700 m (Robison et al., 2010) and is the most abundant species of ctenophore within
Monterey Bay. Its abundance is 2-3 times greater than the next two most abundant species,
Thalassocalyce inconstans, and Bathocyroe fosteri (Jacobsen Stout et al., 2021). Bolinopsis
infundibulum is often found at the highest densities near 300 m and 1300 m (Jaffe and Haddock,
2013). Bolinopsis infundibulum covers a broad vertical depth range, preys heavily on key prey
items like copepods, and is found globally from the Arctic, throughout the Mediterranean, and in
Japanese waters from the surface to the seafloor (Granhag and Hosia, 2015; Nagabhushanam,
1959; Toyokawa et al., 2003).
While abundant, this species is especially fragile, often deteriorating on contact with nets
(Widder et al., 1989) and does not typically survive more than a few days in a laboratory setting
(B. Gemmell pers. obs.), making in situ observations critical. Bolinopsis infundibulum feeds on a
diversity of organisms ranging from copepods to Cladocerans, but has the most feeding success
with smaller, low motility prey including gastropod veligers, copepod nauplii, and rotifers (Costello
and Coverdale, 1998; Granhag and Hosia, 2015; Matsumoto and Harbison, 1993;
Nagabhushanam, 1959). Upon detection of prey, this species can swiftly contract its oral lobes
where it is then captured and transferred down the oral groove by cilia. Like other lobate
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ctenophores, B. infundibulum can generate a feeding current, which is undetectable by many
copepods, making it an efficient predator (Wagner et al., 2020).
Research Goals
The present study focused on ctenophore ecology within the poorly quantified midwater
depths using non-invasive quantitative observation. In situ observation is the most biologically
and ecologically accurate means to assess gut contents of planktonic predators due to their
extreme fragility (Raskoff, 2002), and provides a more realistic assessment of predation behavior
without experimental manipulation (Matsumoto and Harbison, 1993). The use of in situ analysis
aims to give a more appropriate estimate of gut contents since many species are known to
evacuate their guts upon capture or eat prey during transport to the surface (Purcell, 2018) and
small volume containment during laboratory studies reduce feeding rates (Purcell, 2009). This
study quantifies in situ predation behavior, measures gut contents, calculates currently
unavailable digestion rates and discerns the relationships between predation and temperature in
order to build a better picture of the influence these globally distributed ctenophores have within
Monterey Bay and on nutrient cycling. The present study assesses the predator-prey interactions
of Bolinopsis infundibulum, in part by taking advantage of novel technological innovations that
allowed for the extension of ROV dive time, the tracking of individual organisms, and organism
collection.
Project Goals:
1) Quantify in situ predation parameters including swimming speeds, recovery time, escape
response, handling time, and lobe contraction times for Bolinopsis infundibulum.
2) Quantify in situ gut contents for the midwater ctenophore species B. infundibulum, in Monterey
Bay, California, and determine their relationship to depth and temperature.
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3) Conduct digestion experiments on B. infundibulum across its temperature range, to estimate
carbon intake and determine if metabolic needs are being met across the depth distribution.
4) Contextualize how midwater ctenophores can influence nutrient cycling and the transfer of
energy into deeper waters for Monterey Bay and the wider Northern Pacific Ocean.
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METHODS
Monterey Bay Research Institute (MBARI) has curated a substantial amount of remotely
operated vehicle (ROV) video footage since MBARI began its ROV transects in the region. ROVs
have been used to capture video of the bathypelagic ecosystem from midwater to depth, spanning
at least 25 years (Robison et al., 2017). An initial SQL query of the MBARI video annotation and
reference system (VARS) was used to identify sightings of Bolinopsis infundibulum (Schlining and
Jacobsen Stout, 2006). The query results were filtered to exclude sightings that did not contain a
recorded depth to demonstrate observation sightings throughout the water column (Figure 3).
Those observations were compared to the MBARI digital video archive for available videos and
then matched by timestamp. For all matches found, the video link was added to the distribution
data files and the digitized video was reviewed for the desired field of view and clarity of gut
contents. For any observation whose prey count could be ascertained, the observation time and
associated metadata were added to the gut contents data files (n = 159). Recent cruises
conducted by MBARI’s Bioinspiration Lab, using the ROVs MiniROV and Doc Ricketts collected
suitable video footage of B. infundibulum (1920x1080 resolution at 30 and 60 frames per second
respectively). The MiniROV is a small unmanned electric vehicle designed to maneuver in shallow
midwater environments with a depth rating of 1500m, while Doc Ricketts is a much larger
hydraulic vehicle that is capable of reaching 4000m. The MiniROV was mounted with an Insite
Mini Zeus II HDTV camera and ROV Doc Ricketts was mounted with an Insite Zeus Plus. Both
science cameras have 10x variable zoom lens (1080i) which made it possible to capture closeup video of gut contents and to identify predator-prey interactions (n = 123).
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Feeding Behavior
Video and image processing for all
observational footage was conducted using
the software package ImageJ (v. 1.53e,
2020). Statistical analysis of the data
collected was performed using R (version

Figure 1: Feeding process stages during predatorprey interactions. Stages include encounter, capture
and ingestion and can lead to prey escape at any
stage prior to ingestion. The time between initial
encounter and ingestion represents prey handling.
time.

3.6.3, R Core Team 2018) coded through RStudio (version 1.3.595, RStudio Team 2020). All
preceding statistical analyses were conducted with 95% confidence (alpha = 0.05). Predation
data was collected using the new footage from 2020-2021 using the MiniROV which conducted
dives to 400m and Doc Ricketts, which conducted dives between 200-1000m. Capture contraction
moments of the ctenophore lobes were assessed for prey interaction, and gut contents were
assessed through visual identification of prey based on counts of visible prey items with no
species-level identification within the gut. In situ size estimation of individual ctenophores was
made using the distance between the target organism and the left stereo camera mounted on the
ROV in order to calibrate the video frames and convert pixel length to millimeters for the science
camera.
The stages of the feeding process were recorded; including time of initial encounter, prey
capture, and subsequent ingestion in order to calculate handling time (Figure 1). An encounter
was defined as the period when prey is within the feeding current or makes contact with cilia while
capture success is the number of prey physically stuck to the ctenophore (Bezio et al., 2018).
When an encounter led to a capture contraction, reaction time was recorded. Not all parameters
could be obtained for every animal or interaction. Additional variables recorded for all
observations included: lobe orientation, swimming orientation and direction, number of swim and
capture contractions, and number of lobe morphological changes during observation duration.
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Escape Behavior
The mean average speed of the ctenophores following escape swim contractions and
while in transit were recorded, as well as recovery time following an escape response. Speeds
were calculated using the left stereo camera calibrations for instances where the science camera
FOV was held constant and in instances where ROV speed = 0.
Due to violations of the normality assumption assessed using a Shapiro-Wilk test, direct
comparisons in capture-contraction and swim-contraction speeds in seconds were made using a
Wilcoxon rank-sum test. Transit speed was defined as swimming dominated by ctene row
movement and escape speed was defined as swimming following the contraction of oral lobes.
Both were measured in millimeters per second and later compared using a Wilcoxon rank-sum
test.
Gut Contents
To assess what impact depth and temperature have on prey presence or absence in the
gut, a Wilcoxon rank-sum test was performed. Additionally, an assessment of how lobe
morphology (categorized as open, closed, or partially open) impacts the presence of prey within
the gut was conducted using a Pearson’s Chi-Squared test. To evaluate the relationship between
the number of prey items in the gut, and the observed depth and water temperature a non-linear,
zero-inflated negative binomial regression model was fitted to the data for B. infundibulum
(Erdman and Sinko, 2008). This model accounts for data that is driven by two processes: the first
contending with excess zeros, and the second modeling count values. Since 26% of the data
represents absent or 0 prey items in the gut, this model first decides whether or not prey is absent
or present (zero-inflated) and then if present, models based on counts (negative binomial). This
model was compared to a standard negative binomial model using the Vuong test to demonstrate
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model improvement (Vuong, 1989) and the relationship was assessed using adjusted R-squared
and Spearman rank-sum correlation.
Digestion Rate
The metabolic activity of ectothermic animals is impacted by temperature changes within
their habitat, therefore, it is important to assess digestion across the existing natural temperature
range. Due to the lengthy digestion time of the target species, and limitations in the duration the
ROV can follow a single animal, digestion rates were calculated in a laboratory experiment across
the known temperature range. On-board the R/V Western Flyer a digestion rate experiment
across a 5-15˚C temperature range was conducted. A paired sample design for each of 9
individuals collected using the ROV Doc Ricketts from depths between 275 m and 802 m, was
conducted at 5 ± 0.5˚C, 10 ± 0.5˚C, and 15 ± 0.5˚C. Individuals were collected using the detrital
or “D” sampler allowing the ROV pilots to gently trap and store these organisms on the way back
to the surface. Randomization of treatment order was established and each animal was fed five
individual meals of 1 live Acartia sp. (size 1-1.5 mm) copepod at each temperature. Meal size was
held constant as digestion is known to vary with the number of prey consumed. Digestion rate
was determined as the length of time between initial ingestion and the moment prey is no longer
visible in the gut cavity to the naked eye. The initial time of ingestion was recorded and the gut
was inspected every 15 min and then every 5 min when nearing the end until visible prey was no
longer observed. In order to calculate the number of prey items consumed throughout the day the
average number of prey was divided by the digestion time and multiplied across 24 hours (Purcell,
2018). The assumptions of normality and sphericity were met and no extreme outliers were
present; thus, a two-way repeated-measures ANOVA was conducted to assess the relationship
between digestion time and temperature. A post-hoc pairwise t-test with the Bonferroni correction
for multiple comparisons was also conducted to test for significance between each temperature
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treatment. Q10 rates, which are a unit-less value representing the factor by which a rate changes
for every 10˚C rise in temperature, were calculated across the temperature range using
10

𝑄10 = (𝑅2 ÷ 𝑅1 )(𝑇2−𝑇1) ,

(1)

where R is the rate at which digestion of a single copepod occurred and T is the temperature that
the ctenophore was held during the feeding. This calculation was used to determine metabolic
sensitivity to temperature.
Carbon Intake
The carbon intake for individual ctenophores can be defined as

𝐴𝑃 × (

24 ℎ𝑟.
𝑅

) × 𝐶,

(2)

where AP is the average number of prey within the gut, R is the rate of digestion, and C is the
carbon content of an individual prey item in µg C prey

-1

as used in Kremer et al., (1986a). This

equation allows for the estimation of carbon intake for an entire day by factoring in average prey
observed within an individual’s gut and the laboratory-based digestion rate. While 2.5 µg C prey 1

is representative of the typical prey carbon content for individual copepods consumed by the

warm water B. vitrea (Kremer et al., 1986), the resolution available based on the footage captured
in 2020-2021 allows estimates of prey size in the guts. Prey within the guts of B. infundibulum
were classified into small (length: < 1.5 mm) or large (length: > 1.5 mm) classes. Prey less than
1 mm in length resemble copepods in the size range of Pseudocalanus sp. and copepods in the
large classification are close in size to Calanus sp. Biomass estimates for these species are 8 µg
C prey -1 for Pseudocalanus sp. (Bailey et al., 1994) and 45 µg C prey-1 for Calanus sp. (Brun et
al., 2016). To estimate carbon intake for the entire population of B. infundibulum within Monterey
Bay, abundance data spanning 2006-2017 was used. The abundance data estimates were
derived from on-going transects conducted within the MBARI's Midwater Time Series (Principal
Investigator, B. H. Robison).
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RESULTS
The VARs data demonstrates that Bolinopsis infundibulum is abundant throughout
Monterey Bay, displaying a broad vertical depth range from 0 m-2,900 m (Bolinopsis infundibulum
(O. F. Müller)) (Figure2A). While some identifications in the publically available VARs dataset may
not be accurate the video observations utilized in this study were identified to be B. infundibulum
with sightings between 16 m-1765 m (Figure 2B).

Figure 2: Effort normalized heat map demonstrating available Bolinopsis infundibulum sightings. Data
includes all MBARI ROV sightings from 1989-2018 (Stout et al., 2021). Figure 2A excludes the most
recent two years of embargoed data and the Midwater Ecology Time Series. Color bar demonstrates
frequency of sightings across depth and day of year where the day of year includes a ~30-year time
period binned to show temporal variation (A). Boxplot of the depth distribution of all Bolinopsis
infundibulum observations utilized in this analysis from 16 m-1765 m (B).

Feeding Behavior
New ROV footage capture from dives conducted in 2020 and 2021 increased animal
observation length and provided a more detailed field of view so that speeds during various stages
of the feeding process and other previously described feeding behaviors could be more accurately
estimated. Individuals that could be measured, ranged from 15-143 mm in length (n = 46). In situ
14

observations showed that 78% of individuals were stationary within the water column and
demonstrated open and extended lobes in 75% of the observations (both n = 123). Stationary
individuals were in an inverted orientation 54% of the time or horizontally tilted on their side (18%
of the time). Individuals that were found in an upright orientation were split between foraging (51%
of the time) and active swimming (49% of the time).
When a prey item was detected, B. infundibulum was able to complete a capture
contraction of its lobes within 1 second (0.97 ± 0.40, n = 83) before reopening its lobes to resume
foraging. The average reaction time to a prey item that makes contact with the ciliated surface of
oral lobes was 0.68 ± 0.86 s (n = 9) and 1.67 ± 0.74 s (n = 5) when the prey item was caught
entering directly into the mouth. Following a successful capture, the prey item was transferred
from the oral lobes to the oral groove and was finally conveyed to the stomodaeum. Handling time
was measured from encounter to ingestion and averaged 91 ± 40 s (n = 10). These in situ
calculations are faster than those calculated during shipboard digestion experiments (129 ± 101
s, n = 106).
Escape Behavior
Bolinopsis infundibulum exhibited an
escape

swimming

response

to

both

disturbances caused within the water column by
the

ROV

and

non-prey

organisms

like

siphonophores. The swim contraction of the
lobes took an average of 1.22 ± 0.56 s (n = 90)
to complete, and moved the individual away
from the detected disturbance. When disturbed
by turbulence or presence of the ROV, it took an
average of 28.7 ± 14 s (n = 23) before the
15

Figure 3: Boxplots demonstrating the significant
differences between escape response and transit
speeds (Wilcoxon rank-sum test, p < 0.01).

individual resumed foraging behavior. However, when directly disturbed by another organism it
took triple the amount of time to resume foraging behavior (80 ± 61 s, n = 10). When comparing
lobe contraction type speeds, Bolinopsis infundibulum demonstrated a significantly faster capturecontraction speed than swim-contraction speed using a Wilcoxon rank-sum test (p < 0.01). B.
infundibulum additionally, demonstrated a significantly faster escape burst swimming speed of 35
± 26 mm s-1 (n = 28) compared to its transit speed of 9.35 ± 5 mm s-1 (n = 20) (Figure 3, p < 0.05).
Gut Contents
Utilizing both the MBARI ROV footage from the VARS annotation system and the new
footage collected during this study, prey count within the gut of Bolinopsis infundibulum could be
assessed. Prey count in the gut of B. infundibulum averaged 3.06 ± 3.18 prey items (n = 254) with
a range of 0-16. Approximately 26% of the individuals observed in the present study had empty
guts, and were found to reside in water significantly deeper (890 m) than individuals with gut
contents (574 m; p < 0.01) (Figure 4A). Additionally, individuals with empty guts resided in
significantly colder water with an average of 4.5 ± 1˚C while those with prey present resided in
waters with an average temperature of 6.3 ± 2˚C (p < 0.01) (Figure 4B). Lobe morphology showed
no significant difference in prey presence for B. infundibulum (p > 0.05). The model fit showed a
significant relationship between prey count and depth (Spearman rank-sum, R2 = 0.72, p < 0.01),
and for prey count and temperature (Spearman rank-sum, R2 = 0.76, p < 0.01), such that as depth
increased and temperature decreased, prey count in the gut decreases (Figure 5).
The 2020-2021 footage was assessed for gut contents, demonstrating both larger and
smaller prey size classes. Prey count based on the small prey classification for shallow
midwater depths near 10˚C resulted in 5.79 ± 3.76 (n = 34) prey items and 2.39 ± 2.57 (n = 48)
for deeper midwater depths near 5˚C. Prey count based on the large prey classification for 10˚C
resulted in 0.91 ± 1.27 (n = 34) prey items and 0.6 ± 1.12 (n = 48) for 5˚C.
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Figure 4: Boxplots demonstrating the prey presence data for B. infundibulum across its depth
(A) and temperature (B) range (Wilcoxon rank-sum test, p < 0.01).

Figure 5: Zero-Inflated Negative Binomial Model for Bolinopsis infundibulum depth (A) and
temperature (B). This model demonstrates a non-linear relationship between prey count,
depth and temperature in which the number of prey items in the gut decline as depth
increases and temperature decreases (Spearman rank-sum correlation, p < 0.01). Model R2
depth=0.72 and Model R2 temperature=0.76.
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Digestion Rate
Digestion rate experiments revealed a significant difference between temperature
treatments (p < 0.01, ETA-squared = .65, n = 135) (Figure 6). Mean digestion rates for 5˚C, 10˚C
and 15˚C were 161 ± 48 min, 79.5 ± 28 min, 57 ± 21 min respectively. Post-hoc analysis showed
significant differences between each temperature treatment (all p < 0.01). No significant
difference existed between meals (p > 0.05). The Q10 rate calculated across the entire
temperature range (5˚C-15˚C) was 2.82 while 5˚C-10˚C was 4.11 and 10˚C-15˚C was 1.94.

Figure 6: Boxplots demonstrating the significant differences in
digestion rate. Digestion rate is measured in minutes at the
three temperature treatments 5, 10, 15˚C. Pairwise
comparison conducted using t-test with the bonferroni
correction (all p < 0.01).

Carbon Intake
Utilizing direct counts of prey from zoomed in situ footage of ctenophore guts in their
natural oceanic environment and the experimental digestion rates at their natural temperature
ranges, a single ctenophore could consume 105 ± 68 small prey items (e.g., Psuedocalanus sp.)
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along with 17 ± 23 larger prey items (e.g., Calanus sp.) per day in the shallow midwater depths
near 10˚C. Ctenophores living in deeper midwater depths near 5˚C could consume 23 ± 23 small
prey items and 5 ± 10 large prey items per day. Daily carbon intake was estimated based on
digestion rates and average prey counts within the gut for B. infundibulum across its depth and
temperature distribution (Table 1). In upper midwater depths near 10 °C, one individual can
consume 1266 µg C d-1 while only consuming 320 µg C d-1 in lower midwater depths with
temperatures near 5˚C (Table 1). Based on the metabolic data calculated by Bailey et al. (1994),
a ctenophore of lengths 40 mm and 92 mm, require 0.2 mg C d-1 and 2 mg C d-1 respectively at
5˚C as maintenance ration. These ctenophore lengths fall within the range of sizes observed for
B. infundibulum in the present study. While metabolic demand estimates for depths consistent
with 10˚C were not available in the literature we extrapolate that considering the calculated Q10 of
4.11, a 40 mm ctenophore would need .8 mg C d-1. Considering these metabolic estimates, the
calculated Q10, and the estimated carbon intake at depth, carbon demands are met or exceeded
for the 40 mm individuals throughout the water column.
Table 1: Daily carbon intake estimates. Estimates based on digestion rate and prey count within the gut
for the small (< 1.5 mm) and large (> 1.5 mm) prey size classes. Average prey within the guts of
Bolinopsis infundibulum were multiplied by the biomass estimates for Psuedocalanus sp. and Calanus sp.

Utilizing 10 years of transect data between 2006-2017 the population of B. infundibulum
within Monterey Bay demonstrates sharp population increases and declines (MBARI Midwater
Time-series unpub). Bolinopsis infundibulum oscillates between years of near-complete
absence within the water column and is known to be as much as 10 individuals 1000 m-3. Based
on a 10-year abundance average the Monterey Bay population could consume 2,088 ± 2,085 µg
C d-1 1000 m-3 between 200-500 meters and 804 ± 1,278 µg C d-1 1000 m-3 between 600-1000
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m over the course of the year. During peak years, carbon consumed by B. infundibulum could
increase to as much as 13,787 ± 14,694 µg C d-1 1000 m-3 for the entire water column.
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DISCUSSION
Abundance and Depth Distribution
Ctenophores are now recognized as a large component of global biomass within midwater
ecosystems that had previously been largely under sampled (Robison et al., 2017). The global
abundance of these gelatinous zooplankton may constitute a significant impact on midwater
ecology and nutrient cycling that has yet to be quantified. The present study utilizes available data
for one of the most abundant ctenophores at in Monterey Bay in order to begin integrating in situ
ctenophore feeding behavior into our understanding of oceanic midwater ecology.
The extensive data available within Monterey Bay showed that B. infundibulum is
abundant at or below 1000 m throughout the year (Figure 2A). The data is consistent with data
from Japan where Bolinopsis sp. were also found most abundantly below 1000 m in 2.5˚C water
(Toyokawa et al., 2003), suggesting that Bolinopsis spp. inhabit an immense geographical area
at a wide variety of depths. Thus, the data generated from the present study could have wideranging implications beyond the local habitat of Monterey Bay to larger areas where temperatures
are comparable.
Feeding Behavior
ROV videos showed that B. infundibulum exhibits an open, inverted, and stationary
feeding mode (Figure 7B) that persists until an encounter with a prey item or physical disturbance
occurs. This in situ behavior differs from surface water observations, which describe Bolinopsis
spp. as continuously cruising while foraging (Matsumoto and Harbison, 1993). This shift in
behavior to a relatively passive feeding behavior at depth may be an adaptive strategy to conserve
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energy where there is lower prey availability. A
similar shift in behavior is observed in the
locomotory behavior of certain midwater
cephalopods, resulting in a reduction in energy
expenditure (Seibel et al., 2000). The colder
temperatures within midwater ecosystems
may also contribute to the observed shift and
thus reduction in energy expenditure, as
Figure 7: Bolinopsis infundibulum in situ orientation.
Exhibiting a closed and upright swimming or resting
posture (A). Exhibiting an open and inverted
foraging/feeding posture (B).

ectothermic animals are known to demonstrate
reduced activity with cooler temperatures
(Dahms et al., 2011; Pörtner, 2002).

Understanding what contributes to prey selection and handling time of different prey items
can lead to better predictions of carbon cycling within midwater ecosystems (Bezio et al., 2018).
Some hydromedusa species are known to spend 7-19 seconds handling their copepod prey (Frost
et al., 2010), considerably faster than B. infundibulum. Another lobate group, Ocyropsis, is able
to transfer prey 20 times faster than B. infundibulum (Potter, 2021), which is likely driven by the
former species’ prehensile mouth that moves rapidly to pluck prey from the lobes. Ocyropsis feeds
in shallow surface waters where prey availability is often higher and rapid handling times may be
necessary to maximize prey capture. However, B. infundibulum is faced with lower encounter
rates at depth, and it is unlikely that extended handling times would be detrimental to its ability to
capture prey. In situ handling time for B. infundibulum was found to be faster than those observed
during previous laboratory experiments (Sornes and Aksnes, 2004), which may be due to the
stress on the animal caused by constant handling during experimentation and highlights the
importance of in situ observations. Lobate species, in general, are more efficient in consuming
small microzooplankton and less efficient in capturing larger, stronger zooplankton (Costello and
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Coverdale, 1998). Enabled by higher resolution and zoom of the footage collected in 2021, we
were able to observe that small prey items were more numerous within the guts of B. infundibulum
at every depth. Bolinopsis infundibulum rapidly resumes foraging behavior by re-opening its lobes
following a prey capture, which likely contributes to its difficulty in capturing the larger size class
of prey (Matsumoto and Harbison, 1993) as larger copepods may be able to escape from the
open lobes before ingestion occurs.
Escape Behavior
Following a disturbance that interrupts foraging behavior and results in an escape
swimming response, B. infundibulum is able to quickly recover and resume foraging which may
contribute to its success in capturing prey at depths where prey is limited. Despite the ability to
reach average maximum speeds of 35 mm s-1 when eliciting this escape response, B.
infundibulum transits through the water column with a mean speed of 9 mm s-1 (Figure 3). This
relatively slow transit speed suggests that it is unlikely that B. infundibulum is traveling the large
vertical distances through the water column in search of prey on a diel cycle like many other
predators such as the siphonophore Nanomia (Robison et al., 2020), as it would take around 24
hours to travel from a depth of 700 m to the surface at this rate. Maekakuchi et al., observed no
diel migration for B. infundibulum within the Bering Sea but as ROV operations in the present
study were not conducted at night, we do not have conclusive evidence. While it appears unlikely
that this species is migrating on a diel cycle, vertical migration may occur on a seasonal cycle
with B. infundibulum over-wintering in deeper waters (Båmstedt and Martinussen, 2015; Fraser,
1970; Yip, 1981).
Gut Contents
An assessment of gut contents over the natural depth range was used to estimate whether
or not daily metabolic needs can be met regardless of depth within the water column. We
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observed ctenophores in deeper water to predominately have guts absent of prey (Figure 4). The
significant decrease in prey found in the gut with increasing depth and decreasing water
temperature shows that prey consumption is reduced by 75% when descending to deeper, colder
depths (e.g., temperatures of 10˚C to 5˚C; Figure 5). Despite this reduction in prey ingestion, B.
infundibulum is concentrated in deeper, colder waters (Figures 2A, 10, 11). While a study on B.
infundibulum in surface waters of the Arctic was also able to assess in situ gut contents (Purcell
et al., 2010), this study widens our understanding of B. infundibulum prey ingestion in temperate
waters with different levels of productivity.
A

strong

relationship

between

linear
prey

concentration and predation
rate for B. infundibulum has
been previously observed,
eluding to the idea that this
species

eats

more

when

there is more food available
(Båmstedt and Martinussen,
2015; Purcell, 2018; Sornes
and Aksnes, 2004). Thus, it
appears that rapid digestion
times are more favorable in

Figure 8: Depth-stratified copepod abundance. Data retrieved from
Robison et al., (2010) based on a series of ROV transects that
quantified copepods of > 3 mm size corrected for volume and binned
to every 100 m starting at 1000 m depth.

surface waters where prey densities are higher, but is likely a disadvantage at depth since
copepod abundance is known to decline gradually with increasing depth (Figure 8).
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Digestion rate
Bailey et al. (1994) hypothesized that the ability of gelatinous zooplankton to feed and
rapidly adjust to the wide range of depths and temperatures is likely due to an innate ability to
modulate their metabolic processes, or due to phenotypic variants of these species at different
depths. Throughout the literature, B. infundibulum was reported to take between 1 and 4 hours to
digest copepod prey, depending on gut fullness, prey size, and temperature (Corrales-Ugalde et
al., 2018; Granhag and Hosia, 2015; Martinussen and Bamstedt, 1999; Nagabhushanam, 1959;
Purcell et al., 2010). However, previous studies each focused on only a single temperature, rather
than the natural range over which this species is found. In measuring digestion across this natural
temperature range, we were able to calculate temperature sensitivities for B. infundibulum and
show that for B. infundibulum, digestion rates changed non-linearly and inversely with
temperature (Figure 6). With each 5˚C temperature increment tested, we found a significant
difference in digestion rate (Figure 6). In a study on an Arctic Bolinopsis sp. at 0˚C, digestion rates
were calculated to take 4.4 hrs. ± 1.4 hrs. for 1-3 copepods (Purcell et al., 2010), suggesting that
the metabolic rate of Bolinopsis sp. further slows with decreasing temperature beyond that
covered in this study. Previous work has noted the effect of temperature on digestion on fish
species (Volkoff and Rønnestad, 2020) and benthic invertebrates (Klinger et al., 1986) and while
it is clear throughout the literature that many factors including size and number of prey can
influence digestion rates, the present study demonstrates that temperature is the dominant factor
and explains approximately 65% of the variation in digestion rates for Bolinopsis infundibulum
(Figure 6).
Thermal tolerance and an organism’s ability to cope with changes in temperature are
reflected in the temperature coefficient Q10. The temperature coefficient represents the thermal
sensitivity of metabolic or physiological processes (Equation 1). Biological processes are typically
expected to have a Q10 value near 2 which means reaction rates will double for every 10˚C rise in
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temperature (Aisami et al., 2017). Here we use digestion rates to calculate Q10 for B. infundibulum.
Results showed that B. infundibulum was most commonly observed between 5˚C-10˚C. This
temperature range was found to exhibit, a Q10 of 4, suggesting particularly high-temperature
sensitivity within this thermal range (Figure 6). The only other study that estimated Q10 for this
species also found a higher than expected value. Over a temperature range of 2-24˚C, respiration
rates were used to calculate a Q10 of 3.73 (Gyllenberg and Greve, 1979). Toyokawa et al., (2003),
assuming a Q10 of 2, estimated that the daily needs of Bolinopsis infundibulum exceed the
copepod abundance availability at depth. It was thus concluded that B. infundibulum must be
sustaining themselves for extended periods on their own body mass or that there is a severe
underestimation of copepod abundance at depth. However, considering the experimentally
derived Q10 values in this study are far higher than the assumed values of Toyokawa et al., (2003),
it is likely this ctenophore can sustain itself on far less than originally estimated.
While in situ predation rates could not be estimated for the present study since depth
stratified plankton abundances for the entire water column within Monterey Bay are not available,
predation rates in the literature suggest a strong predatory impact by Bolinopsis spp. Chaetognath
predation on copepods is estimated to be two-fold more than predation by planktivorous fish
(Ohman, 1986), and certain siphonophore species are known to consume 2-4% of the copepod
standing stock per day (Purcell and Kremer, 1983). Laboratory measurements for B. infundibulum
at 10˚C showed that up to 400 prey items could be consumed over 3 hours, which can equate to
a ~4% reduction in the daily standing stock of copepods (Båmstedt and Martinussen, 2015). At
0˚C, Purcell et al. (2010) demonstrated a predation rate for B. infundibulum of 2.3% per day of
copepods smaller than 3mm. This is 2-3 times more than the reduction in calanoid copepods by
pink salmon in Prince William Sound (Boldt and Haldorson, 2002), suggesting that this species
contributes greatly to the reduction in prey populations within this habitat.
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Carbon Intake
Bolinopsis infundibulum’s metabolic processes are considerably slowed in deeper, colder
waters (Figure 6) where prey ingestion declines (Figure 5) and prey availability is lower (Figure
8). Considering these changes, we wanted to assess whether or not this species is able to meet
its metabolic needs at depth. Utilizing the in situ gut contents data observed in the present study
and the experimental digestion rate measurements, we calculated daily prey consumption using
the two prey size classes (Table 1). The estimates of daily consumption were then multiplied by
reported biomass estimates of copepods that are consistent with in situ prey size observations to
calculate the total daily carbon intake by individual ctenophores. These calculations are
conservative estimates of prey consumption since the video imaging systems onboard the ROVs
are not capable of accurately resolving the smallest prey species (e.g. Pondon, copepod nauplii,
rotifers), which B. infundibulum is known to also prey upon (Costello and Coverdale, 1998). Even
as a conservative estimate, carbon intake calculations in this study were 320 µg C d-1 (Table 1),
which is 60% higher than the 200 µg C d-1 that Bailey et al., (1994) estimated a 40 mm Bolinopsis
sp. at 5˚C would need to meet metabolic demands. This would imply that these smaller
ctenophores are able to meet or exceed their metabolic demands between 500-1000 m. However,
the largest ctenophores are estimated to require 2000 µg C d-1 (Bailey et al., 1994), which is
considerably more than the carbon intake calculated in the present study. This may suggest that
the prey that are too small to resolve using current imaging technology likely play a key role in
sustaining these larger animals. Particularly, since B. infundibulum is known to eat large numbers
of smaller prey (Costello and Coverdale, 1998; Granhag and Hosia, 2015; Nagabhushanam,
1959).
Furthermore, it is likely that literature estimates of carbon demand do not reflect the
stationary and relatively passive feeding mode demonstrated in this study. These literature
estimates likely reflect their more active swimming demands when held in a laboratory setting
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where they are regularly contacting solid walls of a small tank, resulting in contracted lobes and
ctene rows constantly beating in transiting type behavior (B. Gemmell pers. obs.). This difference
is critical because two-thirds of respiration can be attributed to the beating of the ctenes along the
eight comb rows (Gyllenberg and Greve, 1979) and may increase metabolic demands.
Additionally, this species is uniquely adaptive and is shown to withstand 2.2% daily carbon losses
during a starvation experiment lasting 7 weeks (Granhag and Hosia, 2015). Thus, Bolinopsis
infundibulum is likely capable of surviving on much less food than the literature currently suggests
and can likely weather significant periods of low prey abundance.
Using gut contents data, the carbon intake for B. infundibulum at 500-1000 m is much
lower (roughly 25%) the intake estimated at 200-500 m (Table 1). Considering that this decrease
in carbon intake is in proportion with the high metabolic sensitivity (Q 10 of 4) calculated over the
temperatures corresponding to this change in depth (5-10˚C), the high Q10 over this depth
distribution may be an adaptive characteristic allowing B. infundibulum to operate similarly, in
terms of metabolic demands, in habitats where prey abundance decreases with temperature (i.e.
depth). Despite the fact that life in shallower midwater depths presents more opportunities for
prey consumption, B. infundibulum is capable of successfully meeting its metabolic needs at
greater depths. The metabolic data in this study suggest that B. infundibulum is able to adapt its
predation strategy to the wide array of environmental conditions in Monterey Bay (Table 1). The
first strategy occurs in shallower depths, where temperatures are warmer and where high prey
consumption is matched with fast digestion rates and active cruising while foraging for prey. The
second strategy occurs in deeper, colder waters where low prey consumption is paired with
passive stationary hovering and slower than expected digestion rates.
While it appears that B. infundibulum can sustain itself in deeper, colder water, it is not
immediately clear why a portion of the population remains at greater depths (Figure 9) when prey
is more abundant and temperatures are higher near the surface. We propose this tendency to
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remain in deeper water despite the
decrease in growth rate is likely driven
by their known predator, another
ctenophore

group,

Beroe

thus

theoretically allowing faster population
growth rates. In evaluating the effort
normalized ROV abundance data for
both B. infundibulum and Beroe
(Figure 10), there is a clear delineation
between the depths where these two

Figure 9: Bimodal distribution of Bolinopsis infundibulum.
Data utilizes normalized depth distribution with
abundance peaks near 300 and 1300 m. Adapted from
(Jaffe & Haddock, 2013).

species are found in their largest
abundances (Jacobsen Stout et al., 2021; Schlining and Jacobsen Stout, 2006). Beroe
abundance is highest between 300-700 m where it then sharply declines before 800 m (Figure
10). Bolinopsis infundibulum on the other hand remains at a consistent and relatively low
abundance between 200-800 m, and then it steadily increases to max abundance at 1200 m
before slowly declining in abundance with depth (Figure 10). This separation may demonstrate
predator avoidance by B. infundibulum despite having to move into depths that contain lower prey
abundance. Bolinopsis infundibulum has been noted to demonstrate a tendency to remain in
deeper waters as a possible behavioral avoidance of predation by Scyphomedusae (Båmstedt
and Martinussen, 2015; Maekakuchi et al., 2020) in similar temperate environments but
competition for food with other gelatinous zooplankton cannot be ruled out (Maekakuchi et al.,
2020). Abiotic factors may additionally contribute to this separation as the oxygen minimum layer
within Monterey Bay is consistent with the gap between peak abundances of Bolinopsis
infundibulum within this midwater habitat (Jaffe and Haddock, 2013). Predation happens in
concert with the environmental parameters surrounding an animal, and thus a tradeoff likely exists
between staying deeper to avoid predators, slowing their metabolism, and growth rates. This may
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allow populations of B. infundibulum to increase faster than in shallow waters if predation rates
above 500 m are high, and little to no Beroe predation occurs below 1000 m as the data suggests.
Surface water population densities of lobate ctenophores within oceanic waters are often
dependent on physical processes such as currents and flow conditions (Daly and Smith, 1993),
leading to patchy distributions with abundances between 0-30 individuals per 1000 m3 (Harbison
et al., 1978) with occasional densities exceeding 1000 per 1000 m3 (Biggs et al., 1981; Harbison
et al., 1978). Populations of B. infundibulum in surface waters range from 0.02 individuals per m3
(Purcell et al., 2010) to 400 individuals per m3 (Kamshilov, 1960). Bolinopsis infundibulum
abundances at midwater depths are considerably lower and demonstrate periodicity (Jaffe and
Haddock, 2013), such that the scale of impact B. infundibulum has on the ecosystem varies both
seasonally and with inter-annual variability. Using transect derived abundance estimates
(Robison, B., upub.), midwater populations of B. infundibulum may consume as much as 13,787
± 14,694 µg C d-1 1000 m-3, in peak years and consume only 64 ± 67 µg C d-1 1000 m-3 during
seasons/years this species is not readily observed. Copepod biomass in similar temperate
regions in the North Atlantic was estimated to be 32 ± 29 mg C 100 m-3 dry weight (Gonçalves et
al., 2015); thus even in years where B. infundibulum is nearly absent from the water column it
may contribute to 2% reduction in copepod biomass. In peak years, predation by these species
may exceed the available prey stock. Despite abundance estimates of midwater predators like
Nanomia bijuga (Robison et al., 1998), remaining larger relative to B. infundibulum,
siphonophore’s hover with tentacles spread outward (Robison, 2004) and spend time migrating
on a diel cycle (Robison et al., 2020) which may limit foraging opportunities. This passive feeding
behavior may reduce prey encounter rates as encounter is reliant on prey motility leading to
individual daily consumption estimates of only 2.6 – 5.3 µg C d-1 (Purcell, 1982; Purcell and
Kremer, 1983). Bolinopsis infundibulum on the other hand, maintains an active feeding current
that entrains small prey (Costello and Coverdale, 1998), which my increase encounter rates
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leading to carbon consumption estimates 2-3 orders of magnitude higher than siphonophores.
Thus, even at low population densities relative to other midwater predators, as Bolinopsis spp.
are found globally, they likely contribute significantly to carbon cycling within midwater habitats
due to their voracious feeding.

Figure 10: Histogram of the relative frequency of sightings of
Bolinopsis sp. and Beroe sp. within Monterey Bay. All
observations were collected by MBARI ROVs and normalized
by ROV effort. Adapted from MBARI’s deep sea guide data
products (Stout et al., 2021).
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CONCLUSION
This is the first study aimed at directly quantifying predation behaviors, swimming
dynamics, gut contents, and carbon consumption for Bolinopsis infundibulum within Monterey
Bay, across its natural depth distribution. Additionally, it is the only study to date that conducted
digestion experiments for B. infundibulum over multiple temperature ranges consistent with its
natural range. The temperature sensitivity of B. infundibulum’s metabolism allows this species to
consume less prey while still meeting its metabolic demands in an environment with limited prey
availability. We propose that the advantage to living in these deeper midwater habitats, is that it
aids in the avoidance of their predator Beroe, which may lead to faster population growth rates at
depths where metabolism and prey consumption are significantly reduced. However, competition
by other organisms, including gelatinous zooplankton, cannot be ruled out in explaining depth
selection in B. infundibulum.
The present study expands on previous work highlighting the integral role gelatinous
zooplankton play in midwater ecosystems (Choy et al., 2017; Haddock et al., 2017; Hetherington
et al., 2022). The daily metabolic intake of midwater ctenophores can influence carbon cycling,
and the transfer of energy into deeper water (Bailey et al., 1994), particularly for species like B.
infundibulum that demonstrate adaptability to vast geographical and vertical distributions.
Understanding prey consumption and carbon intake in this abundant ctenophore, can increase
understanding of how nutrients are moving throughout midwater ecosystems. These predatorprey relationships can also help place the ‘jelly-web’ correctly into whole-ecosystem models
allowing for the implementation of better management practices. Ctenophores are incredibly
diverse, expressing various sizes, body plans, and feeding modes. Yet, despite our growing
knowledge about this group, 40% of the species of ctenophores have still not been named
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(Haddock, 2004; Haddock et al., 2017), and as such, ctenophores likely play a much larger role
in oceanic ecosystems than is currently known.
Continued interdisciplinary studies combining various observational techniques are
important in understanding these important marine predators and their feeding ecology
(Sutherland et al., 2016). Future studies will require careful in situ respiration experiments, using
technology like MBARI’s Midwater Respirometry System (MRS), in order to improve estimates of
metabolic demand (Robison et al., 2017), alongside depth-stratified prey abundance studies to
accurately calculate predation rate. A direct comparison between the molecular genetics of
individuals of B. infundibulum from the surface, upper midwater and lower midwater depths may
also be needed to assess how closely related these populations are. Following the present study,
it will be important to consider how increased reliability of in situ estimates, compared to previous
laboratory experiments, affects current estimates of nutrient cycling in these communities.
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